ABSTRACT: Natural Wadden Sea water taken from the North Sea (island of Sylt) was pumped at rates of 150 and 300 1 h -1 through a 4 1 plexiglass tube mounted on a wooden tripod on the beach.
INTRODUCTION
All soft-bodied marine invertebrates so far investigated, have revealed the capability of absorption across their body surfaces of low molecular weight organic compounds dissolved in trace amounts in natural water bodies. It has been shown that the substances taken up were incorporated into tissues and processed via metabolic pathways (Jergensen, 1976; Stewart, 1979; Stephens, 1981) .
By virtue of the high rate of water flow through their mantle cavity and the large surface area of their gills, bivalve molluscs have been frequently used to study uptake of dissolved organic matter (DOM). Experimental approaches included employment of isolated gill tissue (Bamford & Gingles, 1974; Bamforcl & McCrea, 1975; Stewart & Bamford, 1975 Wright et al., 1975; Bamford & Campbell, 1976; Stewart, 1977 Stewart, , 1978 Stewart, , 1981 Wright & Stephens, 1977; Gomme, 1982; Wright, 1982; Wright et al., 1984) and whole animals {Anderson & Bedford, 1973; P6quinat, 1973; Crowe et al., 1977; Stewart, 1977 Stewart, , 1981 Manahan et al., 1982; Jergensen, 1982 Jergensen, , 1983 Wright, 1982; . Uptake of DOM in bivalve larvae has been studied by Fankboner & De Burgh (1978) , Manahan (1983a, b) , Manahan & Richardson (1983) , and Manahan et al.
{1983).
These experiments have shown that the gills of bivalves are primarily responsible for the removal of dissolved amino acids. The uptake is an active process, which proceeds selectively via specific carriers for sugars and amino acids against a concentration gradient of several orders of magnitude. The process is furthermore dependent on the external salinity and Na-concentration and is susceptible to the presence of metabolic inhibitors.
Several studies were concerned with removal of dissolved amino acids during a single passage of water through the mantle cavity by comparing amino-acid concentration in the inhalent and excurrent water (Wright & Stephens, 1978; Manahan et al., 1982; Wright, 1982; . These studies showed that bivalves are capable of removing large fractions of amino acids during a single passage of water through the mantle cavity. Uptake proceeded at normal environmental concentrations of a few btmotes 1-1 and provided -on a calculation basis -a significant supplementary nutritional input of reduced carbon and amino nitrogen.
The effective K t of glycine uptake by intact mussels was between 2 and 5 ~tM, an order of magnitude lower than K t -values obtained from isolated gill tissues. Wright & Stephens {1978} attributed this increased affinity in intact individuals of Mytilus callfornianus to an increase in the effective thickness of unstirred layers on the surface of isolated gills.
All these studies have in common that they were performed in closed systems with relatively small volumes of usually less than 500 ml of mostly artificial sea water, to which, with one exception in the work by Manahan et al. (1982}, individual amino acids were added by the experimentalist.
Our experiments with mussels, Mytllus edulls, were designed to work a step closer to in-situ conditions encountered in coastal waters. They were performed on the beach of List in the North of the island of Sylt (North Sea), using unprocessed sea water in an open system, which was directly pumped from the Wadden Sea through an experimental mussel bed. At the entrance and the exit of this mussel bed, sea water samples were taken and instantly analyzed for dissolved amino acids by HPLC. The data obtained were then used for calculations of potential nutritional benefits from amino acid uptake.
MATERIALS AND METHODS
The experimental mussel bed Sea water from the Wadden Sea was pumped through a 4 1 plexiglass tube of 103 cm length and 7 cm inner diameter, which was mounted on a wooden tripod located close to the highwater line on the beach {Pig. 1). In order to secure continuous pumping during the tidal rhythm, the electric pump was positioned below low tide surface level. The plexiglass tube was densely filled with mussels, Mytllus edulis, which had been freshly collected in a near-by mussel area. The mussels had shell lengths of about 5 cm.,In October 1983 we used 184 specimens with a total fresh weight (including shells} of 2737 g. In July 1984, we used 153 mussels with a total fresh weight of 2235 g. Before insertion into the tube, the mussel shells were cleaned with a coarse brush. Sea water was pumped through the tube at flow rates of 150 and 300 1 h -1. The mussel shells opened within a few minutes, and active pumping was observed. Sea water samples were then taken simultaneously at the entrance and the outlet of the mussel tube in order to determine the potential differences in concentrations of dissolved amino acids resulting from uptake by the mussels. Sea water temperatures were 14 °C in October 1983 and 16 °C in July 1984.
HPLC analysis of dissolved amino acids Sea water samples (approx. 5 ml) taken at the entrance and the outlet of the plexiglass tube were filtered through a 0.22 Inn Millipore filter and stored deep-frozen (-25 °C) for no longer than 1 h prior to analysis.
Fluorescent derivatives of sea water samples were prepared according to Liebezeit & Dawson (1981) by addition of 0.1 ml 0.4 M K-borate buffer, pH 11.6, and 0.01 ml OPA reagent (50 mg o-phthaldialdehyde + 0.5 mt methanol + 0.025 ml mercaptoethanol) to 1 ml of sea water. The reaction was terminated after 2 rain by addition of 0.1 ml 1 M NaH2PO 4 (Jones et al, 1981) . Thereafter, 0.2 ml of derivatized solution were injected onto the column. The HPLC system (LDC, Milton Roy) consisted of 2 pumps, controlled by a gradient former, a 0.2 ml loop inserted in a Rheodyne injection port, and the column (25x0.4 cm), filled with RP 18 phase (Spherisorb ODS 5~). The column was protected by a precolunm (2x0.4 cm) filled with the original RP 18 phase. Individual OPA derivatives of amino acids eluting from the column were detected by a fluorimeter, recorded and integrated on a Shimadzu C-RIB recorder/integrator. Separation of the derivative mixture was performed according to IAndroth & Mopper (1979) by a linear elution gradient of A 0.05 M Na2HPOJNaH2PO 4, pH 7.2 and B methanol, starting with 15 % B and, after a 5 rain delay, changing to 60 % B within 45 mAn. The flow was 1.2 ml min -1, the resulting pressure was 3000 PSI. Quantification was obtained by comparison of peak areas with those of a standard amino-acid mixture. Replicate HPLC analyses of individual samples showed small variations of usually less than 3 % in single components and total amino acid levels.
RESULTS

HPLC spectra
HPLC spectra obtained from samples taken at the entrance and the outlet of the plexiglass tube containing the experimental mussel bed are shown in Figure 2 . Compared with the spectrum of the standard amino-acid mixture ( Fig. 2A) , sea water (Fig. 2B ) contained practically all amino acids normally found in protein hydrolysates, however, in highly differing concentrations. Baseline increase at the end of the chromatogram may result from fluorescent materials in sea water eluting in the neighbourhood of the last 2 amino acids, omithine and lysine. Sea water compositions of amino acids containing large proportions of aspartic acid, serine, glycine, alanine and basic compounds such as omithine and lysine are well known from literature (Dawson & Pritchard, 1978) .
Variations in total concentrations of dissolved amino acids detected in samples taken at the entrance of the mussel tube were considerably high, amounting to 1528 -+ 669 nM (n----3, October 1984) and 1198±597 nM (n--7, July 1984), though relative proportions of individual components were remarkably constant. In 1983, samples were taken at 6-8 h intervals. In 1984, we followed amino-acid levels in sea water from low tide to high tide, when coastal water streamed eastward to the Wadden Sea through the gap between the islands Sylt and Reme. The following data give an impression on the velocity of changes of total amino acids in coastal water. We started at low tide (7.30 a. m.) and measured in duplicate analyses total amino-acid concentrations of 1006 nM at 9.25 a. m., 2419 nM at 9.45, 954 nM at 10.35, 1257 nM at 10.50, 651 nM at 11.05, 1367 nM at 12.12 p. m., and 730 nM at 12.20. These data imply that the patchy distribution of amino acids in coastal water is not correlated to the tidal cycle. The concentrations of amino acids found in our experiments 1983 and 1984 correspond closely to published values for total amino-acid concentrations measured in coastal waters, amounting to 500 to 2000 nM (North, 1975; Jergensen, 1976a) . 
Amino-acid uptake by Mytilus edulis
Visual comparison of chromatograms obtained from samples taken at the entrance ( Fig. 2B) with samples taken at the outlet (Fig. 2C ) of the experimental mussel bed indicates that all amino acids were reduced at the outlet. Quantitative analysis of another run, also performed with a sea water flow of 150 1 h -1, confirmed that all aminoacids, without exception, were reduced at the outlet of the plexiglass tube (Table 1) . 78 % of the total difference resulted from the 5 most concentrated amino-acids: serine, alanine, glycine/threonine, omithine, and aspartic acid. But even the less concentrated amino-acids: glutamic acid, asparagine, and phenylalanine were significantly reduced to levels below 10 nM. Total amino-acids were reduced from 765 nM by 354 nM (46 % of total).
For controls, empty mussel shells collected in the Wadden Sea at low tide were used. Mussels with their two shells still connected to each other were cleaned as the experimentals and kept closed under water with an elastic thread. When these controls were inserted into the tube, we could not detect a decrease in dissolved amino acids at the outlet compared to entrance levels. On the contrary, we found a slight increase of 5-10 % (n=4). This increase may be due to analytical variations, short-term concentration changes and potentially also to microorganisms degrading the proteinous matrix of the outer shell surface. This degradation may occur at much reduced rates in intact live mussels.
Estimation of nutritional benefits
The total fresh weight of mussels consisted of 37 % sea water contained in the mantle cavity, 37 % empty shells, and 26 % total wet mussel tissue; that is 712 g wet Mussels of 0.85 g dry weight (per individual) used in our experiments consume oxygen at 15 °C at rates of approx. 0.5 ml 02 g dry weight-1 h -1 (Bayne, 1975; Jorgensen, 1976b; Hamburger et al., 1983) . Uptake of total amino acids in experiment 1 (see Tables 1, 2 ) was 354 nM. At a flow rate of 150 1 h -1, uptake amounted to 53.1 ~rnoles h -1 in the mussel bed or, setting the mean molecular weight of the amino acid mixture taken up as 100 g mole -1, 5.31 mg. Taking 1 mg of mixed amino acids as equivalent to 1 ml 0 2 for complete oxidation, the amino acids taken up are equivalent to 5.31 mt 02. This figure, when compared to total 02 uptake of 79.5 ml h -1, amounts to 7 % of metabolic rate (see Table 2 ). The nutritional profit obtained from uptake of dissolved amino acids amounted to 12 % (N=5, range 5-23 %) of the metabolic rate at a flow rate of 150 1 h -1 and to 24 % (N=3, range 13-38 %) of metabolic rate at a flow rate of 300 I h -1 (Table 2 ). It is obvious that the given amino-acid concentration predominantly determines the magnitude of the nutritional profit obtained from uptake, and to a smaller extent the flow rate.
DISCUSSION
Since the pioneer work by Lindroth & Mopper (1979) , it is possible to separate amino acids as their fluorescent precolumn o-phthaldialdehyde derivatives by means of reversed phase HPLC. This procedure is so sensitive that the detection limit lies in the femtomole range and amino acids naturally occurring in coastal waters at total concentrations between 0.5 and 2 ~M can successfully be analyzed without prior clean-up or concentration steps. Our data confirm previous reports on amino-acid concentrations in Table 2 . Mytilus edulis. Nutritional profit obtained from uptake of dissolved amino acids from natural sea water in an experimental flow-through mussel bed. Water temperatures: 14 °C (in 1983) and coastal waters, ranging between 0.5 and 2.0 ~ (North, 1975; Jergensen, 1976a) . In addition, we could show that total amino-acid levels vary greatly within short time periods, although individual proportions were remarkably constant. The patchy distribution of total dissolved amino acids is obviously not due to the momentary state of the tidal cycle.
Our uptake experiments aimed to simulate in-situ conditions as closely as possible by use of mussels in a densely crowded mussel bed enclosed in an open flow-through system. Employment of natural, unprocessed sea water directly pumped through the mussel bed guaranteed that there was no manipulation of the medium.
These experiments showed that Mytilus edulis can deplete the sea water of individual amino acids down to concentrations below 10 nM and total amino acids to levels about 0.4 nM. The mussels took up between 30 and 50 % of the amino acids dissolved in coastal water and obtained nutritional benefits from the uptake equivalent to 5 to 38 % of metabolic rate. These findings agree well with the results obtained by the authors measuring amino acid uptake during a single passage of water through the mantle cavity of bivalves (for literature see ,,Introduction"). Our results suggest that the magnitude of nutritional profit depends on the momentary amino-acid concentration and to a minor degree on the flow rate of water through the tube, which may have a natural correlate in the movement of sea water across mussel beds.
Regarding the nutrition of bivalves, our results confirm previous publications (for literature see ,,Introduction") that besides retention of particles by the gills uptake of dissolved organic matter provides a significant supplementary nutritional input. This source is continuously available, though varying with DOM concentrations and temperature-depending metabolic rates.
The flow rates of sea water through the mussel tube can be compared with the filtration rates in Mytilus edulis. Filtration rates follow the general allometric equation F = a W b where F = filtration rate (1 h-l), W = dry tissue weight (g), a and b -----constants, which depend on species, developmental stage and experimental variables. By using the data for a and b obtained at temperatures close to 15 °C by several authors, we calculated the filtration rates of individuals of Mytilus edufis of 0.85 g dry weight used in our experiments. Multiplication with the number of individuals enclosed in the experimental mussel bed (184 in 1983) resulted in an estimate of the filtration rate of total mussels in the experiments, amounting to 221 1 h -1 (data from Willemsen, 1952) , 327 1 h -1 (data from Theede, 1963) , 398 1 h -1 (data from Winter, 1973) and 1413 1 h -1 (data from Riisg~rd & Mehlenberg, 1979) . Comparison of filtration rates with the flow rates of sea water through the mussel tube shows that with one exception (data from Riisg~rd & Mehlenberg, 1979 ) the filtration rates calculated are in the order of the experimental flow rates employed (150 and 300 1 h-l).
Since under natural conditions the degree of water exchange in the vicinity of a mussel bed is unknown, but certainly varies greatly, it must be assumed that sea water may pass the mantle cavity several times. This is certainly also the case in our experiments and provides an explanation for the higher nutritional profits obtained at the higher flow rate of 300 1 h-L The findings that mussels can effectively absorb DOM from the low concentrations encountered in their natural environment and that these uptake processes provide significant nutritional profit are in contrast to previous results (Siebers, 1982) obtained from experiments on interactions between the sea star, Asterias rubens, and the natural bacterial water flora. In these experiments, performed in closed systems, bacteria outcompeted the sea stars in absorption of dissolved amino acids, due to rapid uptake. The deduction that bacteria instantly respond to suitable levels of DOM with effective uptake, thus keeping local concentrations at such low levels that no nutritionally significant uptake can take place in invertebrates can -on the basis of our present results with Mytilus edulis -no longer be regarded as valid. Obviously, bacterial uptake and growth does not result in concentrations of DOM too low to be used by Mytilus. In this context, mechanisms of antibacterial activity in sea water (Moebus, 1972 a--d) may play a role. It seems that at least a few metazoans, among them several bivalve mussels, can, due to their large gill surface areas and the great amounts of water pumped through their mantle cavity, successfully compete with bacteria in uptake of DOM.
Our results, that the mussel bed enclosed in an open flow-through plexiglass tube depleted the sea water by 30 to 50 % of originally dissolved amino acids, are also in contrast to the statement by Sepers (1977) who argued that in natural waters the uptake of dissolved organic compounds is primarily a bacterial process. Our present findings suggest that mussel beds in shallow coastal waters exposed to tidal movements of large sea water masses play a significant role in recycling of DOM.
